INTRODUCTION
============

Abnormalities of the circadian rhythm might be related to the pathogenesis of bipolar disorder. Circadian rhythms of physiological, neuroendocrinological and neurochemical factors were disrupted in bipolar patients \[[@b1-pi-2018-05-23]\]. Circadian rhythm disruption has a great influence on the course of bipolar disorder \[[@b2-pi-2018-05-23]\]. Furthermore, remitted bipolar patients showed abnormalities in sleep patterns such as increased sleep duration, elongated sleep latency, frequent wake after sleep onset, great percentage of rapid eye movement sleep, decreased sleep efficiency and more night-to-night variability of sleep patterns \[[@b3-pi-2018-05-23]\]. Several genetic studies also showed that polymorphisms of circadian clock genes like CLOCK, PER3, ARNTL (BmaL1), and TIMELESS were significantly associated with bipolar disorder \[[@b4-pi-2018-05-23],[@b5-pi-2018-05-23]\].

Abnormality of Protein Kinase C (PKC) signaling is found in both bipolar disorder and circadian rhythm. Several studies showed changes of PKC activity in platelet of peripheral blood and postmortem brain tissues in patients with bipolar disorder \[[@b6-pi-2018-05-23]-[@b10-pi-2018-05-23]\]. Furthermore, these changes of PKC activity in bipolar patients were normalized by long-term treatment of lithium or valproate \[[@b6-pi-2018-05-23],[@b7-pi-2018-05-23]\]. PKC signaling pathway is also involved in the regulation of circadian rhythm. PKCα has a great influence on resetting circadian rhythm through the phosphorylation of lysine-specific demethylase 1 that modulates the transcription of an Enhancer Box by Clock-BmaL heterocomplex, a key component in transcription-translation loop of circadian clock \[[@b11-pi-2018-05-23]\]. PKC might be related to phase shifting and light entrainment of circadian rhythm through the modulation of post-translational mechanism \[[@b12-pi-2018-05-23]\].

Although abnormalities of PKC signaling systems were studied in amphetamine-induced animal model and sleep deprivation model of bipolar disorder, these studies did not investigate the relatedness between PKC signaling abnormalities and circadian rhythm instability in bipolar animal model \[[@b13-pi-2018-05-23]-[@b15-pi-2018-05-23]\]. There were two studies about circadian rhythm instability as bipolar animal model \[[@b16-pi-2018-05-23],[@b17-pi-2018-05-23]\]. However, PKC abnormalities were not examined in these studies. It could be meaningful to examine the changes of PKC activity in this circadian rhythm instability model. It is also needed to investigate PKC activities in various brain regions related to mood regulation and examine the interactions of PKC activities among these brain regions \[[@b18-pi-2018-05-23]-[@b20-pi-2018-05-23]\]. This study aimed to compare not only PKC activities in frontal, striatal, hippocampus and cerebellum, but also relative PKC activity ratios among brain regions, between two groups that are classified into according to recovery of circadian rhythm.

Methods
=======

Animals
-------

Twenty male ICR mice (Institute of Cancer Research, age of 8 weeks, weight 33--36 gm) were used in this study. All mice were housed individually in cages under a 12-hour artificial light-dark cycle at a constant temperature 20±1°C and relative humidity of 40--60%. Mice were entrained to the normal DL 12:12 cycle (Dark phase: lights off from 6 PM to 6 AM; Light phase: lights on from 6 AM to 6 PM) at least for one week prior to the start of all experiments. Food and water were provided ad libitum.

Experimental procedure
----------------------

After one week of entrainment to the DL 12:12 cycle, the circadian rhythm was disrupted by abruptly shifting of lighting condition to the LD 12:12 cycle (Light phase: lights on from 6 PM to 6 AM; Dark phase: light off from 6 AM to 6 PM). Recovery patterns of normal sleep-wake cycle after the disruption of circadian rhythm were classified into the early and delayed recovery groups. After two weeks of LD phase, all mice were reentrained to original DL 12:12 cycle. At the age of 14 weeks, after full recovery of sleep-wake cycle, forced swim test was performed in dark phase. At the age of 16 weeks, after two weeks from forced swim test, locomotor activities in the open field were measured. Mice were adapted in the open field for 30 minutes and locomotor activities in the open field were assessed for 60 minutes after the injection of quinpirole. Within 2 hours after the open field test, mice were sacrificed by rapid decapitation for measuring PKC activity. The characteristics of forced swim test, quinpirole-induced locomotor activities in the open field, PKC activities and relative PKC ratios of brain regions were compared between the early and delayed recovery groups. The experimental procedures and protocols used in this study were reviewed and approved by the Ethics Committee on Animal Research of Pusan National University (PNUH-2013-058).

Measurements
------------

### Circadian rhythm disruption procedure

As described previously, the circadian rhythm disruption protocol was composed of the entrainment phase and the disruption phase. After animals were entrained into the DL 12:12 cycle for at least one week, circadian rhythm was disrupted into the LD 12:12 cycle. The light was automatically controlled by Light Control System (Philips, Burlington, MA, USA) according to the circadian rhythm disruption protocol.

### Measurement of movement activity in each cage and recovery of circadian rhythm

Movement activities of individual mice in each cage were measured in every second by Mlog system (Biobserve GmbH, Bonn, Germany). Mlog system, which is custom-made infrared-based motion detectors, can measure gross body movements. The movement activity was converted to a voltage output, which was digitized. The magnitude of voltage output was directly related to the magnitude of the movements. Integrated values for body movement were stored as binary computer files. In the previous study, the agreement of locomotor activities measured by Mlog systems and classical video recording was adaptable (kappa index, 0.633) \[[@b21-pi-2018-05-23]\]. In this study, for assessment of the total movement activities in light and dark phase, signals for each 12 hour were summed. Assessment of recovery of circadian rhythm was performed by the comparison between summed movement activities in light and dark phase. Previous studies used the method determining the recovery time when total movement activities in dark phase are higher than those in light phase and thus the determined time does not strictly represented the fully recovery time \[[@b16-pi-2018-05-23],[@b17-pi-2018-05-23]\]. Therefore, the author used new criteria for determining the full recovery time. The recovery time was defined by the time that the ratio of total movement activities in dark phase divided by total activities in light phase reached mean ratio of baseline activities between dark and light phase. Mice were classified into two groups according to the recovery time of circadian rhythm, early recovery group and delayed recovery group, respectively. The recovery time of circadian rhythm ranged from 3 days to 7 days (5.6±1.1) ([Figure 1](#f1-pi-2018-05-23){ref-type="fig"}). The median recovery time of circadian rhythms was 6 days. Nine mice were recovered in 6th day that is the mode of variable as recovery time of circadian rhythm. Mice recovered within 5 days were composed of 40 percentile among total subjects and mice recovered within 6 days consisted of 85 percentile. Therefore, in order to evenly divide the subjects, eight mice were classified into the early recovery group and twelve mice were classified into the delayed recovery group.

### Measurement of manic-like behaviors

Manic-like behaviors were measured as quinpirole-induced locomotor activity in open field test. Locomotor activities in an open field were examined for 30 minutes before and for 60 minutes after quinpirole injection. Quinpirole (0.5 mg/kg) was diluted in deionized water and injected intraperitoneally during the dark period at 7--10 PM. The open field consisted of a square arena (50×50×50 cm) made of transparent acrylic board. At the start of each test, mouse was placed at the peripheral corner of the arena and videotaped. Raw data of locomotor activities for analysis were collected using Kinovea video tracking software program (Version 0.8.24. <http://www.kinovea.org>). Raw data of locomotor activities include x and y coordinate in recorded motion picture with time data linked to coordinates. For the validation of this analyzing program, the results examined by Kinovea video tracking software program were compared with the classical method to count the number of lines crossed by its front legs as a measurement of locomotor activity \[[@b16-pi-2018-05-23],[@b17-pi-2018-05-23]\]. Further data processing of raw data to analyze locomotor activities was performed using MATLAB R2013b (MathWorks, Natick, MA, USA).

### Measurement of depression-like behaviors

Depression-like behaviors were measured as immobility time and latency to immobilization by the forced swim test. Forced swim test was developed as an animal model of depression \[[@b22-pi-2018-05-23],[@b23-pi-2018-05-23]\]. Mice were placed into a cylinder (diameter 20 cm, height 30 cm) filled with water (water height 15 cm, water temperature 24±1°C) for 6 minutes. Immobility time during last 4 minutes is used as a parameter reflecting depressive symptoms \[[@b23-pi-2018-05-23]\]. Additionally, latency to immobilization was examined as an index of depression \[[@b24-pi-2018-05-23]\].

### Brain tissues sampling

After the last process of the planned experiment protocol, the brain samples of mice were collected through rapid decapitation, then tissues in the frontal cortex, hippocampus, striatum and cerebellum were dissected respectively. The samples were instantly frozen using liquid nitrogen, and kept at -80°C until using for PKC activity measurement.

### Measurement of protein Kinase C activity

PKC activities were examined in four regions of the brain PKC extraction buffer was added to the samples for the lysis of the cells. The supernatant of the lysates was collected for Bradford assay to measure the protein concentration. Finally, PKC activities of the brain sample extractions were measured using enzyme-linked immunosorbent assay (ELISA) using a PKC kinase activity kit (Enzo Life Sciences, Farmingdale, NY, USA). The PKC activity assay was specific for all types of PKC isoforms, and both inter- and intra-assay coefficients of variability are known to be less than 10%.

Statistical analysis
--------------------

The comparisons of locomotor activities in an open field, immobility time and latency to immobility in forced swim test, PKC activities and relative PKC activity ratios between early and delayed recovery groups were tested by independent t-test. All data were expressed as mean±SD. All statistical analyses were performed using SPSS for Windows (The Statistical Package for Social Science for Windows, version 18.0; SPSS Inc., Chicago, IL, USA) and level of statistical significance was set at p\<0.05.

Results
=======

Locomotor activities in the open field before and after quinpirole injection
----------------------------------------------------------------------------

Locomotor activities in the open field before and after quinpirole injection were shown in [Table 1](#t1-pi-2018-05-23){ref-type="table"}. Though the delayed recovery group traveled longer distance in the open field test than the early recovery group, there was no statistically significant difference in the baseline locomotor activity between two groups (t=-0.1934, p=0.069). In the open field test after quinpirole injection, the delayed recovery group showed much longer distance traveled than the early recovery group (t=-2.361, p=0.033). There were no statistically significant differences in latency to reach the central zone and time spent in the central zone between two groups. The delayed group significantly had longer distance traveled in central zone than the early group (t=-2.259, p=0.040).

Immobility time and latency to immobility in forced swim test
-------------------------------------------------------------

In forced swim test, immobility times of the early and delayed recovery groups were 133.1 (±77.7) and 119.9 (±78.6) second, respectively. Latencies to immobility in two groups were 81.3 (±74.3) and 126.4 (±61.7), respectively ([Table 1](#t1-pi-2018-05-23){ref-type="table"}). There were no significant differences of immobility time and latency to immobility between two groups (immobility time: t=0.370, p=0.716; latency to immobility: t=-1.479, p=0.156) ([Table 1](#t1-pi-2018-05-23){ref-type="table"}).

Protein Kinase C activities in the brain regions
------------------------------------------------

The delayed recovery group had significantly lower frontal PKC activity than early recovery group (t=2.411, p=0.041). However, there were no statistically significant differences of PKC activities in the striatal, hippocampal, and cerebellum between two groups ([Table 2](#t2-pi-2018-05-23){ref-type="table"}). When comparing relative PKC activities ratio by adjusting cerebellar PKC activities, frontal/cerebellar PKC activity ratio in the delayed recovery group showed significantly lower than that of the early recovery group (t=2.308, p=0.034). In contrast, there were no significant differences in the striatal/cerebellar and hippocampal/cerebellar PKC activity ratios. Comparing relative PKC activities by adjusting frontal PKC activities, striatal/frontal and hippocampal/frontal PKC activity ratios in the delayed recovery group were significantly higher than those in the early recovery group (striatal/frontal PKC activity ratio: t=-2.244, p=0.038; hippocampal/frontal PKC activity ratio: t=-3.126, p=0.007). There was no significant difference in hippocampal/striatal PKC activity ratio between two groups.

Discussion
==========

In this study, the delayed recovery group after circadian rhythm disruption showed higher quinpirole-induced locomotor activity than the early recovery group. This result is consistent with previous studies \[[@b17-pi-2018-05-23]\]. Especially, the delayed group with circadian rhythm instability had longer distance traveled in the central zone than the early group. Activity in the central zone might be interpreted into explorative behavior and manic-like behavior. In contrast, there was no difference of immobility time during last 4 minutes in the forced swim test between two groups. Although the forced swim test was performed after the full recovery of circadian rhythm and before quinpirole injection in order to minimize confounding factors, the depressive proneness was not found in forced swim test. As similar to this result, the CLOCK gene mutant and sleep deprivation models for bipolar disorder showed only manic-like manifestations. The circadian rhythm instability model for bipolar disorder also might be fit to the manic proneness only \[[@b25-pi-2018-05-23],[@b26-pi-2018-05-23]\]. However, the D-binding protein knockout mice known as another circadian genetic model for bipolar disorder showed both depressive-like and manic-like behaviors in acute stress situation \[[@b27-pi-2018-05-23]\]. Although the forced swim test is one of the most popular methods to screen the antidepressant efficacy, several researchers throw a doubt that the forced swim test is inappropriate as an animal model of depression \[[@b28-pi-2018-05-23]\]. Other methods to measure depressive-like behaviors are required before concluding there are no relationship between delayed recovery of circadian rhythm and depressive proneness \[[@b29-pi-2018-05-23]\].

In order to explore the common underlying neurobiological mechanisms related to delayed recovery of circadian rhythm and manic-like behaviors, the PKC activities and their relative ratios were examined in the frontal cortex, striatum, hippocampus and cerebellum. In this study, there was a significantly lower frontal PKC activity in the delayed group than the early recovery. However, several reports suggested that overactivation of platelet PKC is associated with manic state \[[@b6-pi-2018-05-23],[@b9-pi-2018-05-23]\]. In a postmortem study of bipolar patients, the frontal PKC activities were more increased than those of healthy controls \[[@b8-pi-2018-05-23]\]. Only one study reported that PKC activities in platelets of pediatric bipolar patients were decreased and recovered after the treatment of mood stabilizers \[[@b30-pi-2018-05-23]\]. It is intriguing that clinical studies showed early onset bipolar patients have abnormalities of circadian rhythm and sleep \[[@b31-pi-2018-05-23]-[@b34-pi-2018-05-23]\]. The results of these studies indicated that the change of PKC activities might be different among subtypes of bipolar disorder.

This study showed meaningful interactions between the frontal and cerebellar regions. The frontal/cerebellar PKC activity ratios, however, were significantly decreased in the delayed group. The interactions between the frontal cortices and cerebellum have been studied for the autism \[[@b20-pi-2018-05-23]\]. These interactions have a potential role of dopamine release in the frontal area \[[@b20-pi-2018-05-23],[@b35-pi-2018-05-23]\]. Dysfunctional connection between the frontal cortices and cerebellum can have a deleterious effect on the release of dopamine in the frontal area. Abnormalities of dopaminergic neurotransmission have been found in bipolar disorder, as well as schizophrenia \[[@b36-pi-2018-05-23]\]. Numerous researches have been reported that bipolar patients have the abnormalities of frontal functions \[[@b37-pi-2018-05-23],[@b38-pi-2018-05-23]\]. Decrease of the frontal/cerebellar PKC activity ratio may reflect the abnormality of dopaminergic neurotransmission caused by dysfunctional connection of cerebellofrontal circuit and the decrease of frontal function.

Meanwhile, there were significant differences in striatal/frontal and hippocampal/frontal PKC activities ratio according to recovery patterns. The striatum is associated with the regulation of mood symptoms, as well as the coordination of motor and action planning, motivation, and decision making \[[@b39-pi-2018-05-23],[@b40-pi-2018-05-23]\]. As striatal PKC activities can be associated with modulation of dopaminergic neurotransmission \[[@b41-pi-2018-05-23]\], PKC might take important roles in mood regulation through modulation of dopaminergic neurotransmission. The hippocampus has important role on mood regulation, memory and spatial learning \[[@b13-pi-2018-05-23],[@b42-pi-2018-05-23],[@b43-pi-2018-05-23]\]. There have been several lines of researches on the interaction between the frontal and limbic regions such as the striatum and hippocampus \[[@b44-pi-2018-05-23]-[@b46-pi-2018-05-23]\]. This hypothesis of frontal-limbic dysregulation in bipolar disorder and major depression insists that the deactivation of the frontal area and activation of limbic system are associated with the pathogenesis of mood disorder \[[@b44-pi-2018-05-23]-[@b46-pi-2018-05-23]\]. The findings that the relative activation of striatal and hippocampal PKC activities compared to frontal PKC activities are consistent with several studies on the hypothesis of fronto-limbic dysregulation and dopaminergic neurotransmission in bipolar disorder.

This study has several limitations. Firstly, only drug-induced locomotor activities and behavioral despair were measured to test bipolar-proneness in delayed recovery group. Other indices such as sucrose preference test and social activity are needed to explore on. Secondly, the author did not measure PKC isoforms and the downstream signaling of PKC necessary to explore the underlying biological mechanism. Thirdly, the residual stressful effect by forced swim test might have an influence on quinpirole-induced locomotor activities in open field test, though open field test was performed after 2 weeks of forced swim test for the minimization of the impact of forced swim test. However, previous study that performed open field test before forced swim test in opposite sequences showed the same results. Fourthly, this study only used forced swim test without depression-inducing stimuli. If future study use forced swim test in case of utilization of various types of stress as depression-inducing stimuli, forced swim test could provide the more meaningful findings in order to evaluate depressive proneness.

In conclusion, the results of support that delayed recovery after circadian rhythm disruption might be related to manic proneness. The results showed possible relationship between circadian instability and abnormalities of PKC signaling in a bipolar animal model. Especially, delayed recovery after circadian rhythm disruption may be related to a lower frontal PKC activity and imbalances of PKC activity in regions of frontal-cerebellum, striatal-cerebellum and hippocampalcerebellum. Further studies are needed to investigate depressive proneness in mice with delayed recovery patterns using other methodologies for examining depressive-like behavior. It is also required to examine the changes of PKC isoforms such as PKCα, β, γ and the downstream molecules such as MACKRS, GAP-43 in order to understand the specific molecular pathway of this circadian rhythm instability as a bipolar disorder animal model.

![Recovery patterns according to time after the disruption of sleep-wake cycle in mouse. The blue line indicates summed locomotor activities in the early recovery group and the red line shows summed locomotor activities in the delayed recovery group.](pi-2018-05-23f1){#f1-pi-2018-05-23}

###### 

Comparison of behavioral data in the open field test and forced swim test between the early recovery and the delayed recovery groups after disruption of the sleep-wake cycle

  Behavioral characteristics                                                  Early recovery group (mean±SD)   Delayed recovery group (mean±SD)   t        p value
  --------------------------------------------------------------------------- -------------------------------- ---------------------------------- -------- ---------
  Total distance traveled for 30 minutes before quinpirole injection in OFT   9,024.0±2,082.2                  11,383.8±2,989.2                   -1.934   0.069
  Total distance traveled for 60 mins after quinpirole injection in OFT       3,657.5±1,369.8                  6,616.0±4,003.7                    -2.361   0.033
  Latency to reach the central zone                                           92.6±97.2                        256.6±428.2                        -1.278   0.224
  Time spent in central zone                                                  85.5±97.9                        117.5±102.5                        -0.696   0.495
  Distance traveled in central zone                                           240.3±214.7                      701.3±656.2                        -2.259   0.040
  Immobility time in FST                                                      133.1±77.7                       119.9±78.6                         0.370    0.716
  Latency to immobility in FST                                                81.3±74.3                        126.4±61.7                         -1.479   0.156

Statistics was tested by independent t-test. Distances were measured in centimeters and latency and time in seconds. OFT: open field test, FST: forced swim test

###### 

Comparison of protein Kinase C activities and relative PKC ratios in the frontal, striatal, hippocampal, and cerebellar regions between the early and the delayed recovery groups

  PKC activities and relative PKC ratios      Early recovery group (mean±SD)   Delayed recovery group (mean±SD)   t        p value
  ------------------------------------------- -------------------------------- ---------------------------------- -------- ---------
  Frontal PKC activity                        1.54±0.64                        0.97±0.24                          2.411    0.041
  Striatal PKC activity                       1.41±0.46                        1.46±0.43                          -0.281   0.782
  Hippocampal PKC activity                    1.21±0.33                        1.53±0.55                          -1.612   0.124
  Cerebellar PKC activity                     1.18±0.18                        1.19±0.32                          -0.046   0.964
  Frontal/cerebellar PKC activity ratio       1.23±0.45                        0.85±0.27                          2.308    0.034
  Striatal/cerebellar PKC activity ratio      1.21±0.37                        1.26±0.31                          -0.285   0.779
  Hippocampal/cerebellar PKC activity ratio   1.05±0.32                        1.33±0.54                          -1.251   0.228
  Striatal/frontal PKC activity ratio         1.02±0.39                        1.57±0.61                          -2.244   0.038
  Hippocampal/frontal PKC activity ratio      0.89±0.31                        1.69±0.80                          -3.126   0.007
  Striatal/hippocampal PKC activity ratio     1.17±0.31                        1.01±0.27                          1.245    0.229

Statistics was tested by independent t-test. PKC: Protein Kinase C

[^1]: The results of this study were presented at the 19th Annual Conference of The International Society for Bipolar Disorders, May 4-7, 2017, Washington DC, USA.
